Routine hemodynamic monitoring parameters under general anesthesia, such as heart rate (HR), systolic blood pressure (SBP), and perfusion index (PI), do not solely reflect intraoperative nociceptive levels. We developed a hemodynamic model combining these 3 parameters for nociceptive responses during general anesthesia, and evaluated nociceptive responses to surgical skin incision.
Background
Perioperative surgical stress and nociception cause pathophysiological changes in hemodynamics, metabolism, and the immune system [1] , and increase postoperative morbidity [2, 3] . The suppression of intraoperative nociceptive stimuli by anesthetic management is an important factor affecting postoperative outcomes [1] .
Anesthesiologists have assessed nociceptive levels empirically using changes in heart rate (HR), blood pressure, and peripheral blood flow indices (e.g., plethysmographic pulse wave amplitude, skin temperature, and perfusion index) during surgery. Although these hemodynamic parameters, which are routinely monitored during anesthesia, do not solely reflect intraoperative nociceptive levels [4] , our previous study showed that discriminant analysis using these 3 parameters together is of value in assessing the averaged nociceptive levels throughout surgical procedures [5, 6] .
On the other hand, several investigative modalities, such as pupillometry, skin conductance, surgical pleth index, analgesia nociception index, and the nociception level index, have been developed to assess the balance between nociception and anti-nociception during general anesthesia [7] . Each modality, however, requires specific monitoring equipment. Development of a new modality that is can be used anytime and anywhere without special equipment, is required to assess nociceptive levels during anesthesia.
We developed a novel hemodynamic model representing the nociceptive response at the time of surgical stimuli using an equation composed of the 3 parameters -HR, systolic blood pressure (SBP), and perfusion index (PI) -and then performed a prospective study to assess the validity of this model by evaluating the differences in nociceptive levels at skin incision between laparoscopic and open abdominal surgery under general anesthesia.
Material and Methods
This study was approved by the Ethics Committee of Hyogo College of Medicine. For the retrospective study, written formal consent is not required, but for the prospective study, written formal consent was obtained from each patient. This was registered in the UMIN Clinical Trial Registry (UMIN000027822).
We first conducted a retrospective cohort study to confirm the validity of analysis using these 3 variables (HR, SBP, and PI) to assess and compare intraoperative nociceptive levels among tympanoplasty, laparoscopic cholecystectomy, and open gastrectomy, using discriminant analysis as described previously [5] . The nociceptive levels increased during these surgeries in the order described [8] [9] [10] [11] . PI was derived from plethysmographic pulse wave amplitude via pulse oximetry (MASIMO, Irvine, CA, USA). We then performed ordinal logistic regression analysis to develop a hemodynamic model for nociceptive responses comprising 3 variables (HR, SBP, and PI) retrospectively. Finally, we prospectively compared the hemodynamic responses to skin incision, including this model, to investigate differences in nociceptive responses to skin incision between laparoscopy and laparotomy.
The retrospective study to develop hemodynamic model For tympanoplasty, laparoscopic cholecystectomy, and open gastrectomy, general anesthesia was induced with propofol (1.5 mg/kg), fentanyl (2 μg/kg), and 1-2 MAC of sevoflurane. Rocuronium (0.9 mg/kg) was injected intravenously to facilitate endotracheal intubation for laparoscopic cholecystectomy and open gastrectomy. Supraglottic airways were utilized for tympanoplasty, without the use of a neuromuscular blocking agent. Mechanical ventilation was performed using an oxygen concentration of 40% to obtain normocapnia (end-tidal carbon dioxide range 35-40 mmHg). All surgeries were performed in the supine position. Anesthesia was maintained with 0.6-0.7 MAC of sevoflurane to maintain a bispectral index (BIS) value of 40-60. Intraoperative analgesia comprised continuous infusion of remifentanil (0.04-0.5 μg/kg/min) with additional fentanyl for the management of postoperative pain. Where needed, rocuronium was used for muscle relaxation. Peripheral nerve blocks were not performed in any of the patients, but patients undergoing tympanoplasty received subcutaneous infiltration of 0.5% lidocaine by the surgeon before skin incision. All patients received standard of care treatment.
We identified 1054 patients who received general anesthesia using sevoflurane between 2011 and 2016. Of these, 729 underwent elective tympanoplasty, 195 underwent laparoscopic cholecystectomy, and 130 underwent open gastrectomy. All patients were between 20 and 64 years of age and American Society of Anesthesiologists Physical Status (ASA-PS) I-II. For each patient, the averaged values of HR, SBP, and PI were obtained within 5 to 15 min after skin incision, using our institutional anesthesia database (ORSYS, PHILIPS, Amsterdam, Netherlands) with data-search software (Vi-Pros, DOWELL, Sapporo, Japan). HR, SBP, and PI were recorded every minute. This was entered in our anesthesia database from which we obtained mean values of these variables. Canonical discriminant analysis using these averaged values was performed to confirm if differences of nociceptive levels among these surgeries could be discerned.
To rate stimuli intensities at skin incision for these 3 surgeries, we referenced previous reports which defined relative nociceptive levels to skin incision under general anesthesia [4, 12] . Rantanen et al. defined stimulus intensity as no noxious stimulus=0, minor noxious stimulus=0.5, moderate noxious stimulus (small skin incision for laparoscopy)=1, large noxious stimulus (large skin incision for breast surgery)=2, severe noxious stimulus (large skin incision for laparotomy)=3, and extreme noxious stimulus=4 [12] . Ben-Israel et al. also defined stimuli intensity as no noxious stimulus=0, minor noxious stimulus=1-2, moderate noxious stimulus (small skin incision)=3-4, severe noxious stimulus (large skin incision)=5-6, and extreme noxious stimulus=7-10 [4] . Then, in the present study, we rated stimuli intensities during skin incision for tympanoplasty (minor noxious stimulus), laparoscopic cholecystectomy (moderate noxious stimulus), and open gastrectomy (severe noxious stimulus) accordingly as 1, 2, and 3, respectively. To develop a hemodynamic model for nociceptive responses, the same data used for discriminant analysis were evaluated to perform ordinal logistic regression analysis, using the mean values of HR, SBP, and PI within 5-15 min after skin incision. This provided us with estimated coefficients (B1, B2, and B3) to calculate probability using the following equation [13] :
These estimated coefficients were applied to develop a hemodynamic model for nociceptive responses: =C1+C2/(1+exp (-B1×HR-B2×SBP-B3×PI)).
In patients matched by age and sex in tympanoplasty (n=25), laparoscopic cholecystectomy (n=25), and open gastrectomy (n=25), we obtained the averaged values of HR, SBP, and PI at T0 (1-5 min before skin incision), T1 (1-5 min after skin incision), and T2 (6-10 min after skin incision). We also calculated the averaged values of this hemodynamic model at each time interval, and then evaluated its utility to discern nociceptive responses among the different surgeries.
The prospective study to confirm the validity of hemodynamic model Using this hemodynamic model for nociceptive responses, we prospectively evaluated the differences in nociceptive responses just after skin incision between laparoscopic surgery (n=10) and open abdominal surgery (n=10). All eligible patients underwent laparoscopic or open gastrectomy (n=5 or 4), otherwise, laparoscopic or open hysterectomy (n=5 or 6) in 2017. General anesthesia was induced with propofol (1.5 mg/kg), fentanyl (2 μg/kg), and 1 MAC age of desflurane. Rocuronium (0.9 mg/kg) was injected intravenously to facilitate endotracheal intubation. Mechanical ventilation was performed using an oxygen concentration of 40% to obtain normocapnia (end-tidal carbon dioxide range 35-40 mmHg). After induction, anesthesia was maintained with 0.7 MAC age of desflurane. Intravenous remifentanil (0.04-0.05 μg/kg/min) was continuously infused to keep the effect site concentration at 1.0 ng/mL before and after the start of skin incision. Peripheral nerve blocks were not performed. Three variables of HR, SBP, and PI were recorded before, 0.5 min, and 1 min after the skin incision. Nociceptive responses were then calculated from the developed hemodynamic model using computer software (Microsoft Excel, Microsoft, Redmond, WA) to determine whether this model discerns between nociceptive levels during small skin incision for laparoscopic surgery vs. large skin incision for open abdominal surgery. Vasoactive agents were not administered until 1 min after the skin incision. At 1 min after the skin incision, the continuous dose of remifentanil was increased to 0.1-0.5 μg/ kg/min with additional intravenous fentanyl to suppress any further increase in nociceptive responses.
To calculate MAC age , which is the MAC for a given age normalized to MAC 40 [14] , we used MAC 40 as 2.0 for sevoflurane and 6.0 for desflurane [15] to calculate MAC age .
Statistics
Pearson's chi-square analysis was conducted for categorical variables. Unpaired t testing or Mann-Whitney U testing was used for appropriate variables. For multiple comparisons, one-way ANOVA, followed by Bonferroni's post hoc test was used for normally distributed variables. The Kruskal-Wallis test was used, followed by the Mann-Whitney U test with Bonferroni correction for non-normal data. To examine the relationship between stimulus intensities and nociceptive responses, Pearson correlation testing was conducted. The statistically significant level was considered, after a Bonferroni adjustment, as p<0.016 and p<0.003 when 3 parameters were tested (0.05/3≈0.016 and 0.01/3≈0.003), p<0.0083 and P<0.0017 when 6 parameters were tested (0.05/6≈0.0083 and 0.01/6≈0.0017), and p<0.0056 and P<0.0011 when 9 parameters were tested (0.05/9≈0.0056 and 0.01/9≈0.0011). All statistical analyses, including discriminant analysis and ordinal logistic regression analysis, were performed using IBM SPSS Statistics 24 software (Chicago, IL 
Results

Discriminant analysis
Corrected data from discriminant analysis of our anesthetic database revealed significant differences in age and body mass index (BMI) among the tympanoplasty, laparoscopic cholecystectomy, and open gastrectomy groups (Table 1) . MAC age at the time of skin incision during laparoscopic cholecystectomy was significantly higher than that during tympanoplasty. Continuous remifentanil doses at the time of skin incision, however, were the same among the 3 groups. Mean values of SBP and HR from 5 to 15 min after skin incision increased significantly in the following order: tympanoplasty, laparoscopic cholecystectomy, and open gastrectomy. There was a significant decrease in mean PI in the same order (Table 1) . Canonical discriminant analysis confirmed that this analysis, using the mean values of HR, SBP, and PI, significantly discerned between nociceptive responses among the 3 surgeries (p<0.001). Figure 1 shows the scatter graph plotted for 2 discriminant scores obtained from this analysis.
Hemodynamic model for nociceptive responses
Ordinal logistic analysis was performed next, analyzing data from the 3 surgical groups, and estimated 3 coefficients for a hemodynamic model. The ratio of each estimated coefficient of HR, SBP, or PI was 0.033: 0.083: -0.583, which is approximately equal to 0.01: 0.02: -0.17 (B1: B2: B3). To increase the calculated values of the hemodynamic model from 0 to 1 in the same order as the nociceptive levels, we selected -1 for C1 and 2 for C2, and developed the following hemodynamic model:
Nociceptive response (NR)=-1+2/(1+ exp (-0.01HR-0.02SBP+0.17PI)). , and open gastrectomy (n=25). HR -heart rate; NR -nociceptive response; PI -perfusion index; SBP -systolic blood pressure. T0 (from 5 to 1 min before skin incision), T1 (from 1 to 5 min after skin incision), and T2 (from 6 to 10 min after skin incision). We applied this equation to compare hemodynamic responses before and after skin incision in age-and sex-matched patients in the 3 surgical groups. There were no significant differences in patient characteristics and anesthetics used at the time of skin incision among the 3 groups, except that the continuous remifentanil dose of the open gastrectomy group was significantly higher than that of the tympanoplasty group (Table 2) . Although mean HR showed no significant differences among 3 groups before and after skin incision, both mean SBP and mean NR, calculated from the hemodynamic model during 6 to 10 min after skin incision, were significantly different among the 3 groups respectively (Figure 2 
Nociceptive responses to skin incision
There were no significant differences in patient characteristics in the prospective study, performed under a constant level of desflurane-remifentanil anesthesia (Table 3) . HR, SBP, and PI showed no significant differences either 0.5 min or 1 min after skin incision between 2 surgeries. On the other hand, NRs gradually increased at 0.5 min and 1 min after skin incision in Nociceptive response estimation Figure 4 represents the relationship between stimulus intensity and NR using data obtained from Figures 2 and 3 , although data for extreme noxious stimulus were missing. The relationship between stimulus intensities (no noxious stimulus=0, minor noxious stimulus=1, moderate noxious stimulus=2, severe noxious stimulus=3, and extreme noxious stimulus=4) and NRs were the following; NR=0.06 stimulus intensity+0.7 (R 2 =0.38, p<0.001). By referencing previous reports [4, 12] and considering the present results together, we created NR estimation, where no noxious stimulus is estimated as £0.70, minor noxious stimulus as >0.70, moderate noxious stimulus as >0.75, severe noxious stimulus as >0.85, and extreme noxious stimulus as >0.90 (Table 4) .
Discussion
A hemodynamic model using routine anesthetic monitoring for nociceptive response was developed in the present study. NR values, which are calculated from this model, responded well to the level of stimulus intensity, and quantitatively discerned the difference in nociceptive responses between small and large skin incisions.
Previous reports have revealed diverse hemodynamic responses when examining HR, SBP, and PI separately. Under sevoflurane-remifentanil anesthesia, skin incision decreased PI, and increased mean blood pressure without changes in HR during various surgeries [16] . During propofol-remifentanil anesthesia, mean blood pressure increased without alterations in HR in patients undergoing various surgeries [17] . However, another report showed that desflurane-remifentanil anesthesia increased both HR and SBP after skin incision for ear, nose, and throat or lower limb orthopedic surgery [18] . These large diversities of hemodynamic responses to skin incision in the previous studies might have been caused by mixed data obtained from various surgeries.
Although several devices have been developed to assess nociceptive levels during general anesthesia [7] , their clinical usefulness has also been estimated with mixed responses to skin incision during various surgeries [4, [17] [18] [19] [20] [21] . On the other hand, our present study evaluated each hemodynamic data in each type of surgery, and revealed that different responses in NR were observed in proportion to the type of surgery performed. NRs calculated from our hemodynamic model increased along with increased levels of stimulus intensity, and discerned them between small and large skin incisions.
Chronic postsurgical pain is an important clinical problem after surgery, and type of skin incision during surgery is one of the risk factors [22, 23] . The incidence of chronic postsurgical pain after large skin incision for laparotomy is reportedly higher than that after small skin incision for laparoscopic surgery [24, 25] . NR monitoring provides us either real-time nociceptive levels including at the time of skin incision or averaged nociceptive levels by calculating mean values of NRs throughout surgery. Therefore, monitoring NR might be beneficial for prevention of Table 4 . NR estimation.
This estimation was made in reference to Figure 4 . NR -Nociceptive response.
chronic postsurgical pain by suppressing noxious stimuli with appropriate anesthetic management. Moreover, this model is advantageous to other previous modalities in terms of not requiring special equipment.
There are some limitations to the present study. First, our method is based on the concept that noxious stimuli will increase HR and SBP, and decrease PI. Although vasopressors or vasodilators also induce changes in these variables, we supposed that combining these 3 parameters can reduce artifacts produced by the transient effects of vasopressors or vasodilators. This method, however, may not be reliable in critically ill patients, who receive high doses of vasoactive agents under cardiovascular dysfunction. Second, certain tools, such as the surgical pleth index, the analgesia nociception index, and the nociception level index, are not clinically available in Japan.
